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Abstract

For northern taxa, persistence in multiple vs. single Pleistocene refugia may

have been an important determinant of contemporary range size, with larger

ranges achieved by species that colonized the north from several glacial refu-

gia. Under this hypothesis, widespread species are expected to demonstrate

marked phylogeographic structure in previously glaciated regions. We use a

genome-wide survey to characterize genetic structure and evaluate this

hypothesis in the most widely distributed salamander in the Pacific North-

west, the long-toed salamander (Ambystoma macrodactylum). Patterns of varia-

tion based on 751 amplified fragment length polymorphism (AFLP) loci and

mitochondrial sequence data were concordant and support the recognition

of at least four distinct lineages of long-toed salamander. The distributions of

these lineages indicate that multiple refugia contributed to the species’ large

contemporary range. At the same time, with up to 133 AFLP bands differing

between lineages and levels of sequence divergence ranging from 2.5 to

5.8%, these lineages would be considered separate species by some defini-

tions. Such splitting would partition the large geographic range of the long-

toed salamander into several relatively restricted ranges. Our results thus

also underscore the potential for estimates of geographic range size to vary

considerably depending on the taxonomic treatment of cryptic lineages.

Introduction

That most species have relatively small geographic dis-

tributions is a well-established pattern in macroecology

(reviewed by Gaston, 2003). Identifying the factors that

have permitted some species to achieve comparably

large distributions is a major goal in ecology, with lead-

ing hypotheses invoking traits such as dispersal ability

(Lester et al., 2007; Leger & Forister, 2009), body size

(Cambefort, 1994; Gaston & Blackburn, 1996) and

niche breadth (Garcia-Barros & Romo Benito, 2010).

Recently, Shafer et al. (2010) demonstrated an associa-

tion between contemporary range size and persistence

in multiple vs. single glacial refugia in western North

America, adding a potentially important historical

dimension to understanding large geographic ranges in

previously glaciated regions. Specifically, this pattern

suggests that persistence in multiple glacial refugia and

the patching together of the post-glacial ranges of sev-

eral populations (Hewitt, 2004) was instrumental to the

formation of large ranges in northern areas.

Isolation and divergence in multiple glacial refugia

during the Pleistocene has also been implicated in spe-

ciation in some taxa (Weir & Schluter, 2004; Levsen

et al., 2012; but see Barber & Jensen, 2012 and refer-

ences therein). Thus, the pattern observed by Shafer

et al. (2010) raises the additional possibility that some

widespread species actually consist of genetic groups

that, following taxonomic scrutiny, will warrant species

status. Corresponding reductions in described geo-

graphic ranges may have important implications for

comparative studies that rely on estimates of range size

to test hypotheses for variation in range size (see Lox-

dale et al., 2011 for related discussion).

Characterizing genetic structure in northern areas is

an important first step towards determining whether

widespread species represent patchworks of divergent
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groups and the extent to which such groups warrant

taxonomic recognition. Although many existing phy-

logeographic studies speak to this goal, most have been

conducted using just a handful of genetic markers. The

potential for stochasticity and selection to cause pat-

terns for any single marker to deviate from the overall

history of closely related groups limits the conclusions

that can be drawn from studies using a small number

of markers (Irwin, 2002, 2012; Rauch & Bar-Yam,

2004; Dowling et al., 2008). Methods that survey many

markers throughout the genome overcome this concern

and inherently assess the degree of divergence between

taxa. Because the use of a limited number of genetic

markers often leads to the underestimation of genetic

diversity (e.g. Irwin et al., 2009; Mila et al., 2010; Wiens

et al., 2010), revisiting phylogeographic structure with

these high-resolution methods may be particularly per-

tinent for determining whether widespread species rep-

resent single cohesive genetic entities or composites of

genetically distinct groups.

The long-toed salamander (Ambystoma macrodactylum

Baird, 1849) exemplifies the case of a widespread spe-

cies for which phylogeographic patterns and the extent

of diversification remain unclear, despite previous

attention. Currently considered one species, the long-

toed salamander is the most widely distributed sala-

mander in the Pacific Northwest, a region that is both

geologically and ecologically complex (Brunsfeld et al.,

2001). The potential for the species’ wide range to con-

sist of multiple distinct lineages was first suggested by

Mittleman (1948) and later Ferguson (1961), whose

work examining vomerine tooth count, allometry and

strip pattern and coloration in the southern portion of

the species’ range, led to the recognition of five subspe-

cies of long-toed salamander (Ferguson, 1961; Fig. 1).

More recently, two studies employing a limited number

of genetic markers (mtDNA: Thompson & Russell,

2005; mtDNA and six nuclear loci: Savage, 2008) have

provided some evidence of genetic differences between

named subspecies. However, different patterns observed

among these studies and among markers within the

study by Savage (2008), as well as discrepancies

between genetic data and morphological subspecies

(Thompson & Russell, 2005; Savage, 2008) make the

interpretation of subspecies difficult. Furthermore, lim-

ited sampling to date, especially in northern areas,

restricts the conclusions that can be drawn about the

distribution of distinct lineages and the phylogeographic

structure of the species in previously glaciated regions.

The extent to which previously described groups are

representative of genome-wide patterns of differentiation

thus requires further assessment.

In this study, we undertake a comprehensive genetic

survey to better understand diversification in the long-

toed salamander. Comparing phylogeographic patterns

observed using amplified fragment length polymor-

phism (AFLPs) to those identified by mitochondrial

DNA, we ask whether genome-wide patterns of differ-

entiation support the existence of multiple lineages of

long-toed salamander. We simultaneously use our

genetic survey to determine the distribution of major

genetic groups, with a focus on northern parts of the

species’ range. In doing so, we clarify the extent to

which one of the largest geographic ranges in the Paci-

fic Northwest represents a truly remarkable feat of

colonization by a single taxonomic entity vs. a patch-

work of multiple, divergent lineages.

Materials and methods

Sampling

Tail clips were collected during the spring and summers

of 2008 through to 2010. Other researchers and the
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Fig. 1 The geographic distribution of Amybstoma macrodactylum

(thick grey line). Described subspecies’ boundaries are depicted as

dashed lines: (1) A. m. croceum, (2) A. m. sigillatum, (3) A. m.

macrodactylum, (4) A. m. columbianum and (5) A. m. krausei. Circles

represent sites where both amplified fragment length

polymorphism (AFLP) and mtDNA data were assayed (n = 1–11

individuals/site) in the present study. Those sites with samples that

were also included in a larger AFLP data set (see Materials and

Methods; Fig. 3) are indicated with a small grey circle within the

larger black circle. Squares represent sites where only

mitochondrial DNA (mtDNA) sequence data were collected (n = 1–4

individuals/site). Inset: Major geographic features and the locations

of previously reported glacial refugia as follows: VI, Vancouver

Island; OP, Olympic Peninsula; CR, Columbia River Drainage; C,

Coastal Mountains; CW, Clearwater River Drainage; SR, Salmon

River Drainage; KS, Klamath-Siskiyou Mountains.
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Museum of Vertebrate Zoology (University of Califor-

nia, Berkeley) provided additional samples. In total,

403 individuals from 122 sites across the range of the

species were sampled (Fig. 1; Table S1).

AFLP data collection

Total genomic DNA was extracted using a standard

phenol–chloroform protocol. We generated AFLP pro-

files for 378 individuals from 108 sites (Fig. 1). The 25

remaining individuals were only included in the mito-

chondrial data set (below) due to either poor DNA

quality or because they were obtained after the ALFP

data had been generated. We used the AFLP protocol of

Vos et al. (1995), modified according to Toews & Irwin

(2008), for the digestion, ligation and preamplification

steps. Selective amplification followed the protocol of

Clarke & Meudt (http://clarkeresearch.org/aflp_2012-

01-26/AFLP_Protocol.pdf). To reduce the complexity of

banding patterns resulting from the large size of Ambys-

toma genomes, we included two selective amplification

steps (Voss & Shaffer, 1997). Using these protocols, we

generated two AFLP data sets. Our most inclusive data

set of 378 individuals was generated using one selective

primer combination in the final selective amplification

(Table 1). A subset of 70 of individuals from 39 popula-

tions (Fig. 1) was then screened for an additional five

selective primer combinations. This second data set thus

represents more comprehensive sampling of the gen-

ome for a representative set of individuals.

Fragment detection was conducted on an automated

ABI 3100. AFLP electropherographs from each primer

combination were imported into PEAK SCANNER v.1.0

(Applied Biosystems 2006, Carlsbad, CA, USA) for ini-

tial analysis. Peak sizes were called using default set-

tings except for the application of lite smoothing

recommended for automatic scoring (Arrigo et al.

2012). The automatic binning and scoring algorithm

implemented in RAWGENO v. 2.11.1 was then used to

analyze peaks exported from PEAKSCANNER for each pri-

mer pair. The bin detection range was 50 to 400 bp to

minimize homoplasy associated with very small frag-

ments (Vekemans et al., 2002) and detection issues

associated with drop-off at larger fragment sizes. Indi-

viduals were scored as having a band ‘present’ for a bin

if a corresponding peak exceeded 80 rfu. To reduce the

number of uninformative bins, we eliminated bins for

which fewer than five individuals were scored as hav-

ing the band present. Additionally, 5–13% of indivi-

duals (depending on primer pair), replicated from DNA

extraction, were included in the set of samples for each

primer pair. We set the repeatability filter in RAWGENO

to remove bins that were < 80% repeatable across these

replicates (cut-off recommended by N. Arrigo, pers.

com.). After filtering bins, our two AFLP data sets

included 177 loci (average repeatability 92%) and 751

loci (average repeatability of 91.3%) respectively.

mtDNA data collection

For comparison with the AFLP data, we sequenced the

mtDNA cytochrome b gene from 142 individuals. Prim-

ers were designed from conserved regions of the mito-

chondrial genomes of A. laterale (GENBank Accession

NC_006330; Mueller et al., 2004), A. mexicanum (GEN-

Bank Accession NC_005797; Arnason et al., 2004) and

Plethodon petraeus (GENBank Accession NC_006334;

Mueller et al., 2004): AmbPleth_cytb-F 5′ACYGRAAC
CYTTGACMTGAA; AmbPleth_cytb-R 5′YCRRTTTTCGRC
TTACAAGG. Sequences were obtained using nested

primers for two museum specimens from the Sierra

Nevada Mountains and Santa Cruz (California) that

were of reduced quality and thus not included in the

AFLP data set. PCR was carried out in 25-lL reactions

consisting of 0.25 lL dNTPs (10 lM), 2.5 lL 10x reac-

tion buffer (Invitrogen), 0.75 lL MgCl (50 mM), 1 lL
each primer (10 lM), 18.4 lL ddH20, 1 lL TAQ

(5000 U mL�1: New England Biolabs, Ipswich, MA,

USA) and 1 lL DNA (25 ng lL�1). Amplification

involved initial denaturation at 94 °C for 2 min, 35

cycles of denaturation at 94 °C for 30 s, annealing at

56 °C for 45 s and extension at 72 °C for 1 min and

10 s and a final extension at 72 °C for 7 min. PCR

products were sequenced by the Genome Quebec Inno-

vation Centre at McGill University on an automated

ABI 3730XL. The resulting chromatographs were veri-

fied by eye. Ten individuals (including the two Califor-

nia samples) were initially sequenced in both directions

and compared in BIOEDIT Version 7.0.5.3 (Hall, 1999). As

all sequences were unambiguous and identical in both

directions, we sequenced the remaining individuals

using the reverse primer only. Use of this primer

resulted in 729 bp of sequence data. Sequences were

Table 1 Amplified fragment length polymorphism primer

combinations used to generate loci for addressing phylogeographic

structure in the long-toed salamander. The first primer

combination listed was that used to generate AFLP profiles for all

individuals; the remaining five combinations were used to

generate additional data for a subset of 70 individuals.

EcoRI primer

(*NNN-3′)

MseI primer

(†NNN-3′) Dye‡

Number of

polymorphic

fragments

(after filtering)

AGCA CATA NED 177

AGCG CATC PET 178

AGCA CATG NED 95

AGCG CATA PET 105

AGCT CATA VIC 101

AGCC CATC FAM 95

*EcoRI primer: GACTGCGTACCAATTC

†MseI primer: GATGAGTCCTGAGTAA

‡Applied Biosystems Canada (Toronto, ON, Canada)
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manually verified and edited in BIOEDIT v. 7.0.5.3 (Hall,

1999) and aligned using Clustal (Thompson et al., 1994).

Following our analysis of the sequence data (below),

we obtained mtDNA group membership information for

the remaining 261 individuals included in the AFLP

data set using PCR-RFLP (Appendix S2). Briefly, sam-

ples were amplified for a 597-bp section of the cyt b

gene described previously and then digested with up to

three restriction enzymes that allowed us to unambigu-

ously assign individuals to mitochondrial group based

on fixed SNPs observed in the sequence data. Thus,

mtDNA data were available for all sites included in the

study, allowing us to compare mtDNA lineage bound-

aries with those observed for the nuclear genome.

Evaluating genetic structure

We used two methods to determine whether genome-

wide patterns revealed by the AFLP data support dis-

tinct lineages of long-toed salamander. For both AFLP

data sets, the Bayesian clustering algorithm imple-

mented in STRUCTURE (Pritchard et al., 2000; Falush et al.,

2007) was used to calculate posterior probabilities of

the assignment of individuals to 1–12 groups (K) using

the admixture model of ancestry. For each K, we con-

ducted 10 runs of 1 000 000 MCMC generations with

the first 500 000 generations discarded as burn-in. The

optimal value of K was determined by examining the

log probability of the data as well as using the method

outlined by Evanno et al. (2005). For the AFLP data set

generated from six selective primer combinations (i.e.

the largest survey of the genome), we also examined

similarity between individuals using a multi-dimen-

sional scaling analysis based on Jaccard distances calcu-

lated using the VEGAN package in R (Oksanen et al.,

2011).

Relationships amongst individuals based on mtDNA

were explored using the haplotype network estimation

procedure implemented in TCS version 1.21 (Clement

et al., 2000). Due to the sensitivity of the analysis to

ambiguous data, we excluded characters for which any

individual had ambiguous base calls. Network estima-

tion was performed on two data partitions. The first

partition of 600 unambiguous characters excluded the

sole representative from the Sierra Nevada Mountains

in California as we had limited sequence data for this

individual and we wished to infer relationships between

haplotypes with the largest number of characters

possible. The second partition was a 489 unambiguous

character subset of the data that allowed inclusion of

this individual for purposes of determining its likely

position in the network.

Assessing degree of divergence

We used the 70 individuals for which we had the larg-

est amount of AFLP data to assess genetic divergence

between the major genetic groups. ARLEQUIN 3.11

(Excoffier et al., 2005) was used to calculate the aver-

age distance between groups in terms of the number of

bands and to perform an analysis of molecular variance

(AMOVA) to evaluate the percentage of AFLP variation

attributed to differences within vs. between major

groups. These calculations required a priori assignment

of individuals to groups. To avoid circularity, we

assigned individuals to groups based on the major mito-

chondrial breaks suggested by the haplotype network

rather than using the nuclear DNA groups suggested by

STRUCTURE. We also calculated average uncorrected and

corrected pairwise sequence divergence between the

mitochondrial groups using the APE package in R (Paradis

et al., 2004). Corrected differences were calculated

using the Tamura & Nei (1993) model of sequence evo-

lution with gamma parameter.

Results

Genetic structure

Substantial genetic structure was observed in the AFLP

data sets. Examination of mean ln probabilities and cal-

culation of ΔK (Evanno et al., 2005) following the STRUC-

TURE analyses revealed a clear peak at K = 5 for both data

sets (Fig. S1). Four of these groups are geographically

distinct, partitioning the species into a Coastal-Cascade

group, a North-Central group, a Rocky Mountains group

and a Central Oregon Highlands group (Fig. 2). The pro-

portion of each individual’s ancestry from the fifth group

was generally low (although there were a few exceptions

in the analysis of 177 loci: Fig. 2). There was no clear

geographic structure associated with this fifth group.

The multi-dimensional scaling analysis of 751 AFLP

loci resolved three of the genetic groups observed in

the STRUCTURE analysis: the Coastal-Cascade, North-

Central and Rocky Mountains groups (Fig. 3). Individuals

from the Central Oregon Highlands clustered with

Coastal-Cascade individuals, although there was slight

divergence between these groups along Dimension 1 of

the MDS scaling plot. Close association between indivi-

duals from the Central Oregon Highlands and Coastal-

Cascade Mountains is also suggested by the clustering

of these individuals as one group in the STRUCTURE

analysis of k = 4, one less than the optimal value (plot

not shown; see Prunier & Holsinger, 2010 for this

approach).

Strong phylogeographic structure was also evident in

the mitochondrial genome. Specifically, haplotype net-

work estimation using the data set with the larger num-

ber of unambiguous characters resulted in six distinct

networks that could not be connected within the limits

of statistical parsimony, in this case 10 mutational steps

(Fig. 4). Four of these networks coincide with the groups

resolved by the STRUCTURE analysis (Coastal-Cascade,

North-Central, Rocky Mountain and Central Oregon
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Highlands groups), although several individuals from

populations close to the geographic transition between

AFLP groups demonstrated a mismatch between mtDNA

group and AFLP cluster membership (Figs 2 and 5). The

sole sample from the currently described Santa Cruz

subspecies came out as a separate network, as did two

individuals from south western Oregon.

Haplotype network estimation with fewer characters

(to permit the inclusion of an individual from the Sier-

ras in California) resulted in similar relationships to the

analysis with the larger character set. However, individ-

uals from south western Oregon were distantly con-

nected to the Coastal-Cascade network rather than

representing a distinct network (Fig. 4). The haplotype

from the Sierras also connected to the Coastal-Cascade

network with a large number of mutational steps

(Fig. 4). Both iterations of the analysis also suggest

divergence between northern and southern haplotypes

within networks (Fig. 4).

Degree of divergence

Based on our most complete survey of the genome (751

AFLP loci for 70 individuals), lineages differed by up to

133 AFLP bands (Table 2). Analysis of molecular variance

(AMOVA) suggests that a significant proportion of variation

in the AFLP data is attributed to differences between lin-

eages (Percent Variation = 14.9, d.f. = 3, SSD = 570.33,

P � 0.05); although most of the variation observed was

due to differences within lineages (Percent Varia-

tion = 85.0, d.f. = 65, SSD = 3281.11, P � 0.05). Aver-

age uncorrected pairwise sequence divergence between

mitochondrial groups ranged from 2.4% to 5.2% [2.5%

to 5.8% when corrected according to Tamura & Nei,

CC NC RM COH

CC NC RM COH

(a)

(b)

Fig. 2 Population structure of long-toed salamanders detected using the Bayesian assignment method of STRUCTURE in analysis of 177 AFLP

loci for 378 individuals (a) and 751 AFLP loci for a subset of 70 individuals (b). Individuals are represented as bars (see Table S1 for

population order for a), with the posterior probability of assignment to each of five clusters (the optimal value of K for both data sets)

represented by the different colours. Mitochondrial (mtDNA) group membership based on the haplotype network analysis is indicated

below the plot with mtDNA groups separated by thick black lines. CC, Coastal-Cascade; NC, North-Central; RM, Rocky Mountains; COH,

Central Oregon Highlands. Individuals are lined up such that those closest to the breaks separating mtDNA groups come from populations

closest to the contact zones between lineages (Appendix S1).
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Fig. 3 Multi-dimensional scaling plot of 70 long-toed salamanders

based on Jaccard distances calculated from 751 AFLP loci.

Individuals are colour-coded according to mitochondrial DNA

group membership from the haplotype network analysis (see

Fig. 4): North-Central (green), Rocky Mountain (yellow), Coastal-

Cascade (red) and Central Oregon Highlands (purple). All

individuals demonstrating cyto-nuclear discordance were found

along contact zones between lineages.
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(1993); Table 3]. Sequence divergence within groups was

substantially lower ranging from 0.06% to 1.8%.

Discussion

Results from our genome-wide survey using AFLPs and

from our mitochondrial data set are highly concordant

and clearly support the existence of multiple lineages of

long-toed salamander. The distributions of these lin-

eages and degree of divergence among them indicate

that several refugial populations contributed to the

large contemporary range of the species. Furthermore,

the relatively restricted geographic areas occupied by

the individual long-toed salamander lineages highlight

the potential for there to be large discrepancies between

estimates of geographic range size depending on the

taxonomic treatment of cryptic lineages.

Diversity within the long-toed salamander

Our analysis of several hundred AFLP loci and mtDNA

sequence data support at least four major lineages of

long-toed salamander. These results thus complement

previous studies (Mittleman, 1948; Ferguson, 1961;

Thompson, 2003; Thompson & Russell, 2005; Savage,

2008), providing genome-wide evidence of genetic

differences between some of the described subspecies.

Our results also contribute much needed clarification of

the boundaries of these and other cryptic groups within

the species, highlighting several key places where

described subspecies’ boundaries are inaccurate or do

not adequately capture diversity within the species (see

Fig. 5 for summary).

Coastal-Cascade

North-Central

Central Oregon HighlandsSouthwestern Oregon

Santa Cruz

Rocky Mountains

Fig. 4 Haplotype network based on 600 bp of mitochondrial

cytochrome b from 142 Long-Toed salamanders. Network

estimation was conducted in TCS (Clement et al., 2000) using

statistical parsimony. Coloured circles represent haplotypes

sampled from different parts of the species’ range (see also Fig. 5),

with circle diameter proportional to frequency. Missing

intermediate haplotypes are shown as small black dots. Groups of

haplotypes that are not joined by lines could not be connected

within the 95% limits of statistical parsimony. Light grey lines

show additional connections that are made when the analysis is

repeated with 489 bp to include an individual from the Sierra

Mountains in California (teal coloured haplotype). Coloured boxes

around groups of haplotypes highlight divergent haplotypes groups

within networks and show that further structure is detected

within lineages (see also Fig. 5).

Fig. 5 Approximate distributions of the major lineages of long-

toed salamander. Solid coloured areas denote the boundaries of

the lineages based on the STRUCTURE analyses of the AFLP data (i.e.

Figs 2 and 3) with the lineages coloured as follows: red = Coastal-

Cascade, green = North-Central, yellow = Rocky Mountains,

purple = Central Oregon Highlands. Striped colours represent

regions where AFLP sampling was sparse and the distributions of

the lineages are more uncertain and based only on mtDNA,

geophysiological features and/or previously described

morphological variation (e.g. Ferguson, 1961). Blue striping

denotes the described range of the putative A. m. sigillatum

subspecies and the teal point sample denotes the location of

A. m. croceum. The black striped area represents an area where the

species is very sparsely distributed. Sampling locations are coloured

according the mtDNA group to which the majority of individuals

from each site belong, with different shades denoting divergent

groups within each network as indicated in Fig. 4. Several

instances of cyto-nuclear discordance are thus made evident and

establish that hybridization occurs where the lineages come into

contact.
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One of the most notable results of our genetic survey

was observation of a cryptic lineage in the southern

portion of the currently described range of A. m. colum-

bianum (Fig. 5). Individuals from this region come out

as a distinct group in STRUCTURE analyses of K = 5 (the

optimal K) and harbour unique mtDNA haplotypes.

These individuals cluster closely with Coastal-Cascade

individuals in the MDS analysis (at least in the two

dimensions considered presently) and when the STRUC-

TURE analysis is run at K = 4. Intriguingly, however,

mtDNA haplotypes from this region appear most closely

related to haplotypes from the North-Central portion of

the species’ range. When the number of mutational

steps permitted in the haplotype network analyses is

increased to 12, beyond the limits of statistical parsi-

mony, haplotypes from the Central Oregon Highlands

form a distantly related group within the North-Central

haplotype network. Pairwise sequence divergence

between these two groups is also low (Table 3). Previ-

ous analyses of mtDNA data have placed two samples

from central Oregon into a clade encompassing A. m.

columbianum (Savage, 2008). Thus, populations from

the Central Oregon Highlands have an interesting his-

tory, with most analyses distinguishing these popula-

tions as a unique lineage but with different markers,

suggesting different histories of association with other

lineages.

Our mitochondrial data point to additional genetic

structure across the species’ range. Most notably, the

haplotype from the sole individual representing the

very spatially restricted Santa Cruz isolate could not be

connected to any other network within the limits of

statistical parsimony in our haplotype network analysis.

High levels of sequence divergence between this haplo-

type and haplotypes from other places (Table 3) suggest

that the Santa Cruz region harbours a distinct group of

long-toed salamanders (see also Savage, 2008). Like-

wise, an individual from the Sierra Nevada Mountains,

representing what is currently described as A. m. sigilla-

tum, was highly distinct in our haploytpe network.

However, the degraded quality of DNA from these two

individuals precluded us from obtaining AFLP data to

test whether these patterns are representative of the

entire genome; more extensive sampling of the south-

ernmost portion of the species’ range is required before

such conclusions can be reached. Such rigorous assess-

ment is particularly pertinent given several examples

where genetic structure is apparent in the mitochon-

drial data but not in the AFLP data. For instance, sam-

ples from south western Oregon come out as a distinct

haplotype network (Fig. 4) but have AFLP profiles that

fall clearly within the Coastal-Cascade lineage. Like-

wise, none of the distinct groups within each major

haplotype network (Fig. 4) were observed in any of the

AFLP analyses, suggesting that much of the population

structure observed in the mtDNA reflects more recent

divergence.

Widespread species as a patchwork of the post-
glacial ranges of many populations

Results from a recent study by Shafer et al. (2010),

demonstrating a positive association between geo-

graphic range size and persistence in single vs. multiple

glacial refugia, highlight the potential for colonization

from multiple refugia to have been important for the

generation of large geographic ranges in northern areas.

The long-toed salamander was one of the most wide-

spread species featured in that analysis; yet, conclusions

about the number of refugial populations were based

on a very limited data set (288 bp of mtDNA sequence

data) that supported only two lineages of long-toed sal-

amander in previously glaciated areas (see fig. 2 of

Thompson & Russell, 2005). Our genome-wide survey

Table 2 Average pairwise AFLP distances (number of bands that

differ in presence/absence) within (diagonal) and between groups.

Coastal-

Cascade

Central-

Oregon

Highlands

Rocky

Mountains

North-

Central

Coastal-Cascade 117.0

Central-Oregon Highlands 133.3 110.0

Rocky Mountains 128.3 126.8 102.1

North-Central 128.0 124.7 106.3 90.3

Table 3 Average uncorrected (top) and TN93-corrected (Tamura & Nei, 1993; bottom) pairwise sequence divergence long-toed

salamander lineages identified using statistical parsimony. Diagonals show average uncorrected/corrected values within lineages.

Santa Cruz South western Oregon Coastal-Cascade Central Oregon Highlands Rocky Mountains North-Central

Santa Cruz NA/NA* 0.030 0.034 0.052 0.049 0.043

South western Oregon 0.032 0.018/0.019 0.024 0.043 0.047 0.037

Coastal-Cascade 0.037 0.025 0.009/0.009 0.038 0.042 0.032

Central Oregon Highlands 0.058 0.048 0.042 0.006/0.006 0.049 0.029

Rocky Mountains 0.056 0.056 0.046 0.056 0.009/0.010 0.038

North-Central 0.048 0.048 0.035 0.031 0.041 0.012/0.012

*The putative Santa Cruz subspecies was represented by a single individual in the analysis and is shown in pairwise comparisons for

illustration purposes only.
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of diversity points to the existence of at least one addi-

tional lineage of long-toed salamander in the north (see

also Savage, 2008), lending even more support to the

association between range size and number of refugia

observed by Shafer et al. (2010) and highlighting the

potential for high-resolution markers to uncover diver-

sity within widespread species that may have been

missed by studies using a limited number of markers.

With respect to the history of the species’ range, sev-

eral lines of evidence indicate that the long-toed sala-

mander maintained populations in multiple glacial

refugia during the Pleistocene. Informal estimates of

divergence using a rate of change of 0.7–1% sequence

divergence per million years (based on molecular clocks

calibrated using other salamander species as reviewed

by Caccone et al., 1997) suggest that the split between

the most closely related long-toed salamander lineages

occurred at least 2.4 million years ago. Although infor-

mal, these estimates preclude divergence after the last

glacial maximum (i.e. ~20 000 ybp) and thus rule out a

single post-glacial colonization event followed by diver-

sification. Likewise, the average number of AFLP bands

(i.e. SNPs) that differed between lineages was high

(Table 2), suggesting an extended history of population

isolation. Necessarily, all of the lineages described here

have clear overlap with many of the previously pro-

posed glacial refugia in the Pacific Northwest (Fig. 1:

inset and Table 4). Thus, rather than representing an

impressive feat of colonization of the Pacific Northwest

by a single lineage, the large contemporary range of the

long-toed salamander complex is best explained by the

long-term persistence of at least four geographically

separated populations during the Pleistocene glaciations

and the collective post-glacial expansions of these indi-

vidual populations. Such fusing of glacial isolates may

have been critical in allowing some northern taxa to

become widespread, especially species such as the long-

toed salamander for which there is evidence of limited

dispersal capabilities and a sensitivity to dispersal barri-

ers (Tallmon et al., 2000; Giordano et al., 2007; Gold-

berg & Waits, 2010; Savage et al., 2010) that might

otherwise have hindered colonization of the full range.

Taxonomy and implications for geographic range
size

Formal taxonomic evaluation of the long-toed salaman-

der is beyond the scope of this study. However, we

note that taxonomic treatment of the different lineages

fundamentally affects estimates of geographic range

size. As a single species, the described geographic range

of the long-toed salamander is approximately

13 9 105 km2 (based on the range map provided by

the Global Amphibian Assessment Database: IUCN,

Conservation International & Natureserve, 2008). In

contrast, the geographic range sizes of the individual

long-toed salamander lineages are magnitudes lower,

varying from approximately 135 (putative Santa Cruz

lineage supported by the mtDNA) to 58 9 104 km2

(North-Central). The latter estimates are well within

the distribution of range sizes of other amphibians in

the Pacific Northwest. Descriptions of the long-toed sal-

amander as a ‘widespread species’ thus depend critically

on taxonomic treatment of the different lineages.

Whether the different long-toed salamander lineages

should be considered separate species depends on the

species’ concept employed (see Coyne & Orr, 2004 for

review of species’ concepts). Genome-wide differences

between the lineages and levels of mtDNA sequence

divergence consistent with what has been reported

among young amphibian sister species (giant salamanders

in the genus Dicamptodon, 4.3–6.7%: Steele et al., 2005;

torrent frogs in the genus Amolops, < 1–3.1%: Matsui

et al., 2006) would argue for splitting the species under

many genetic definitions [although we note that others

have reported similar levels of mtDNA variation between

what are still considered subspecies within species (e.g.

toads in the Bufo americanus complex, 1.8–3.96%: Masta

et al., 2002)]. Morphological differences (Ferguson,

1961) and the variation in life history (Anderson, 1967;

Table 4 Overlap between different lineages of long-toed salamander and previously proposed glacial refugia in the Pacific Northwest

(see Fig. 1 inset for map).

Lineage Putative Refugia

Coastal-Cascade Olympic Peninsula (Soltis et al., 1997)

Columbia River Drainage (Wagner et al., 2005; Steele & Storfer, 2006)

Coastal Mountains (Godbout et al., 2008)

Klamath-Siskiyou Mountains (Soltis et al., 1997; Kuchta & Tan, 2005; Steele & Storfer (2006)

North-Central (Northern and south-eastern)* Clearwater River Drainage (Carstens et al., 2004)

Edge of Columbia Plateau (Godbout et al., 2008)

Central Oregon Highlands Blue-Wallowa Mountains west of the Snake River (see also Thompson & Russell, 2005)

Rocky Mountain Clearwater River Drainage (Carstens et al., 2004; Nielson et al., 2006)

Salmon River Drainage (Carstens et al., 2005; Nielson et al., 2006)

*Note that the presence of divergent haplotypes of North-Central salamanders in an isolated population just east of the Cascades in Wash-

ington also points to long-term persistence of the lineage in the Columbia Plateau, an area that is largely a gap in the distribution of the

species (and in the distributions of other species) apart from a few isolated populations.
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see also Kezer & Farner, 1955; Howard & Wallace, 1985)

and diet (Anderson, 1968) that have been reported

among some subspecies would also support the recogni-

tion of distinct species from an ecological standpoint.

However, our data do reveal several cases of cyto-

nuclear discordance in the contact zones between lin-

eages, indicating that some hybridization does occur.

Our genetic survey suggests that the extent of such cyto-

nuclear discordance and hybridization is generally lim-

ited to narrow (50–125 km wide) contact zones between

lineages (see Fig. 5). Nevertheless, fine-scale genetic

sampling across the lineage boundaries identified pres-

ently as well as experimental tests of reproductive isola-

tion between lineages are necessary to further

characterize these contact zones and determine whether

sufficient reproductive isolation exists to consider these

lineages species under the widely employed biological

species concept (Coyne & Orr, 2004).

Although the taxonomic status of the different long-

toed salamander lineages requires further evaluation,

the finding that the most widely distributed salamander

in the Pacific Northwest consists of distinct, relatively

geographically restricted genetic groups underscores the

value of phylogeographic assessment of species’ range

limits. Several other phylogeographic studies reveal

cases where cryptic genetic groups—should they war-

rant taxonomic recognition—necessitate significant

reductions to the described ranges of widespread species

(e.g. Irwin et al., 2001; Toews & Irwin, 2008; Oliver

et al., 2009; Tan et al., 2010). Such overestimates of

species’ ranges may be common if ‘widespread species’

in northern hemispheres generally do have a history of

persistence in multiple glacial refugia and thus repre-

sent patchworks of potentially very divergent lineages

(e.g. Berggren et al., 2005; Niedzialkowska et al., 2011;

additional examples in Shafer et al., 2010). Identifica-

tion and taxonomic scrutiny of genetic lineages within

these species is pertinent for interpreting the results of

the many studies that use published estimates of spe-

cies’ distributions (e.g. NatureServe) to explore hypoth-

eses concerning geographic range size.

Outstanding questions

That some widespread species represent patchworks of

distinct populations that have withstood the test of time

raises a number of additional questions. Critically, post-

glacial colonization from multiple refugia may explain

the large contemporary distribution of some northern

species such as the long-toed salamander; however,

what allowed these species to initially maintain popula-

tions in widely separated refugia? Did species with cur-

rently restricted ranges that suggest a history of

expansion from a single refugium once have wider

ranges and simply suffer greater extinction during the

Pleistocene glaciations? If so, what factors explain such

variation in persistence during environmental change

(e.g. Davies et al., 2009; Waldron, 2010)? Additionally,

are widespread species from northern areas more likely

to reflect a patchwork of highly divergent genetic

groups than widespread species found in regions that

were affected by less extreme climatic and habitat

change during the Pleistocene (but see Pfenninger &

Schwenk, 2007)?

Within widespread taxa that demonstrate marked

genetic structure, addressing the factors limiting the

spread of individual lineages is also of interest. For

instance, in the case of the long-toed salamander, there

is considerable variation in the distribution of individ-

ual lineages, raising questions as to why some lineages

were able to colonize a much bigger area than others

(e.g. the North-Central lineage, Fig. 5) and whether

these lineages might have been able to eventually

occupy the entire contemporary range of the long-toed

salamander if the other lineages were not present. Data

on dispersal barriers, ecological divergence and hybrid-

ization dynamics between the individual lineages are

necessary to address these questions.

Finally, we note that not all widespread taxa dem-

onstrate strong phylogeographic structure. In the case

of amphibians, some of the most widespread species

demonstrate remarkably little genetic differentiation

across their range (e.g. Ambystoma maculatum: Zamu-

dio & Savage, 2003; Lithobates [Rana] sylvatica: Lee-

Yaw et al., 2008; Gastrophryne carolinensis: Makowsky

et al., 2009), including one of the few others to be

widely distributed throughout the Pacific Northwest

(Anaxyrus [Bufo] boreas: Goebel et al., 2009). Continued

advances in genomic techniques will not only allow

us to better survey taxa and thus identify true out-

liers with respect to range size but will provide new

means for testing ecological and evolutionary hypoth-

eses for the remarkable variation observed in species’

distributions.
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